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Abstract 
This paper analyzes the effect of tool wear on residual stresses when turning. Inconel 718 discs were machined for prolonged periods at several 
cutting speeds, feed-rates and depth of cut. Tests were interrupted to measure and relate tool wear with the subsequent residual stress 
measurements. The discussion of experimental results is supported by orthogonal cutting simulations. It was found a critical tool wear where 
tensile surface residual stresses were maximum, decreasing for lower and higher values of tool wear. Nevertheless, it was observed that the 
compressive residual stress layer increased with increasing tool wear. 
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1. Introduction 
Titanium and nickel based alloys are extensively used to 
manufacture aero-engine components as they possess 
excellent mechanical and chemical properties at high 
temperatures. Nevertheless, they are very difficult to machine 
and if appropriate machining conditions are not used the 
surface integrity can be negatively affected and therefore the 
final behavior of the component. 
The level of tensile residual stress generated during cutting 
is one of the most important characteristic of the surface 
integrity of the machined component [1]. Together with 
cutting conditions, tool geometry and wear are major variables 
in residual stress generation [2]. For this reason, many 
researchers have focused their studies on analyzing the effect 
of tool wear on machining induced residual stresses. 
In general, surface tensile residual stresses increase as well 
as the depth of the compressive residual stress layer when 
machining with worn tools [3]. For instance, Liu et al. [4] 
observed higher tensile residual stresses and deeper 
compressive layers when hard turning JIS SUJ2 bearing steel 
with worn tools than with new tools for different nose radius. 
El-Wardany and co-workers [5] also reported more tensile 
residual stresses in the near surface when hard turning D2 tool 
steel with slightly worn tools (0.15 mm flank wear). More 
recently, Sharman et al. [6] also found higher surface residual 
stresses in Inconel 718 with increased tool wear. 
However, some authors have reported contradictory trends 
when machining with worn tools. For instance, in an earlier 
study Sharman et al. [7] found that surface residual stresses in 
the cutting direction increased when turning Inconel 718 with 
worn coated cemented carbide tools at cutting speeds of 
40 m·min-1 and 80 m·min-1, but they decreased when 
machining at 120 m·min-1. In each of the cases, the feed-rate 
was of 0.25 mm·rev-1 and the depth of cut of 0.25 mm. 
Recently, Muñoz-Sanchez et al. [1] analyzed experimentally 
and numerically the effect of flank and crater wear on surface 
residual stresses induced when machining Inconel 718 at 
constant cutting speed, feed rate and depth of cut. They found 
that surface residual stresses were higher when flank wear was 
increased. By contrast, surface residual stresses with the 
largest crater wear were lower than with the smallest crater 
wear used in their tests. 
Although there is a general agreement in the literature 
about the effect of tool wear on residual stress generation 
some contradictory trends have also been reported. As tensile 
surface residual stress can play an important role in the fatigue 
behavior of the machined component, it is important to 
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Fig. 3. Normalized surface residual stresses in the cutting direction vs. flank 
wear for different working conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Normalized maximum compressive residual stresses in the cutting 
direction vs. flank wear for different working conditions 
 
 
 
 
 
 
 
 
 
Fig. 5. Depth of the maximum compressive residual stress peak in the cutting 
direction vs. flank wear for different working conditions 
 
3.2. Finite element simulation: Thermal and mechanical effect 
Finite element simulations and experimental tests showed a 
similar trend in residual stresses with regard to flank wear for 
the analyzed cutting conditions. Finite element simulations 
obtained the highest tensile surface residual stresses (595 MPa 
in the cutting direction) when a 0.1 mm flank wear was used.  
However, similar surface stresses were obtained with the new 
tool (198 MPa in the cutting direction) and the tool with the 
highest flank wear (245 MPa in the cutting direction).  
In order to explain the increase or decrease in surface 
residual stresses with tool wear observed in experiments and 
simulations, it is worth analyzing the temperature and stress 
fields during machining. Fig. 6 shows the temperature and 
stress fields of the final machined surface for the three 
simulated cases.  
Tool wear causes an increment in the maximum tool 
temperature as can be seen in Fig. 6a, 6b and 6c. In addition, 
the hottest area of the tool moves from the rake face to the 
worn clearance face, which is in contact with the final 
machined surface, when the tool wear is increased. Therefore, 
the temperature in the workpiece surface was 200 ºC higher 
when the worn tool was used compared to the new tool as a 
consequence of both the increase in temperature and 
localization of the hottest area in the worn clearance face. 
As it is well known, machining forces also change 
significantly, especially the thrust force, when tool wear is 
increased. The increase in machining forces affects the 
stresses developed in the workpiece during machining.  
Fig. 6d, 6e and 6f compare stresses in the cutting direction for 
the three simulated tool geometries. As can be seen in these 
figures, the magnitude of compressive stress and its depth in 
the final machined surface increased significantly when using 
a worn tool.  
Higher tensile residual stresses are induced by the thermal 
effect when the material is cooled down, whilst the 
mechanical effect leads to more compressive residual stresses 
[13]. Therefore, the final surface residual stresses will be 
more tensile or compressive depending on the balance 
between the mechanical and thermal loads. This balance 
explains the results observed in this work. For instance, the 
highest tensile residual stresses were obtained when a 0.1 mm 
flank wear was used in simulations, because the thermal effect 
(increase in temperature) was more significant than the 
increase in machining forces. Nevertheless, when machining 
with severe wear, temperatures also were higher but 
compressive stresses in the final surface increased more 
significantly, which led to lower final surface residual 
stresses.  
By contrast, the maximum compressive residual stress and 
its depth increased when tool wear was increased. As can be 
seen in Fig. 6 the layer affected by the thermal load is much 
thinner than the mechanically stressed layer. Thus, the 
increase in compressive residual stresses is logical as the 
mechanical effect increases with flank wear. 
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Figure 6: The influence of flank wear in the workpiece temperature and 
cutting direction stress fields: a) temperature field generated by the new tool, 
b) temperature field generated by a tool with 0.1 mm flank wear, c) 
temperature field generated by a tool with 0.3 mm flank wear, d) stress field 
generated by the new tool, e) stress field generated by a tool with 0.1 mm 
flank wear and f) stress field generated by a tool with 0.3 mm flank wear. 
3.3. Effect of the uncut chip thickness 
Results plotted in Fig. 3 suggest that a threshold value of 
flank wear (VBTH) exists where surface residual stresses are 
the maximum, and surface residual stresses decrease when 
flank wear is increased over the threshold value. As discussed 
in the previous section, higher or lower surface residual 
stresses are generated depending on the balance between the 
thermal and mechanical effects for a given flank wear value 
and cutting conditions. Fig. 7 shows the value of flank wear 
(VBTH) which produced the most tensile surface residual stress 
with respect to the maximum uncut chip thickness of each 
test. Interestingly, this graph shows that the value of flank 
wear where surface residual stresses are maximum increases 
considerably when the uncut chip thickness is decreased. This 
implies that the relevancy of the flank wear increases when 
the maximum uncut chip thickness is decreased.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Flank wear for the maximum surface residual stress vs. uncut chip 
thickness 
 
 
4. Conclusions 
The main conclusions of this work are the following: 
x Surface tensile residual stresses increase in the cutting 
direction when flank wear is increased up to a threshold 
value (VBTH). However, surface residual stresses decrease 
when machining with flank wear values higher than the 
threshold value. The change in the trend is attributed to the 
change in the balance between the thermal effect and 
mechanical effect. 
x The value of flank wear where surface residual stresses are 
maximum increases considerably when the uncut chip 
thickness is decreased.  
x The maximum compressive residual stress and its depth 
increase when worn tools are used due to the increase in 
machining forces. 
Acknowledgements 
The authors thank the Basque and Spanish Governments 
for the financial support given to the projects ESTRATEUS 
(IE14-396) and DESAFIO II (RTC-2014-1861-4). 
References 
[1] Muñoz-Sánchez A, Canteli JA, Cantero JL, Miguélez MH. Numerical 
analysis of the tool wear effect in the machining induced residual stresses. 
Simulation Modelling Practice and Theory 2011;19(2):872-886. 
[2] Madariaga A, Esnaola JA, Fernandez E, Arrazola PJ, Garay A, Morel F. 
Analysis of residual stress and work-hardened profiles on Inconel 718 
when face turning with large-nose radius tools. The International Journal 
of Advanced Manufacturing Technology 2014;71(9-12):1587-1598. 
[3] Thakur A, Gangopadhyay S. State-of-the-art in surface integrity in 
machining of nickel-based super alloys. International Journal of Machine 
Tools and Manufacture 2016;100:25-54. 
[4] Liu M, Takagi JI, Tsukuda A. Effect of tool nose radius and tool wear on 
residual stress distribution in hard turning of bearing steel. Journal of 
Materials Processing Technology 2004;150(3):234-241. 
[5] El-Wardany TI, Kishawy HA, Elbestawi MA. Surface integrity of die 
material in high speed hard machining, Part 2: microhardness variations 
and residual stresses. Journal of manufacturing science and engineering 
2000;122(4):632-641. 
[6] Sharman ARC, Hughes JI, Ridgway K. The effect of tool nose radius on 
surface integrity and residual stresses when turning Inconel 718™. 
Journal of Materials Processing Technology 2015;216:123-132. 
[7] Sharman ARC, Hughes JI, Ridgway K. An analysis of the residual 
stresses generated in Inconel 718™ when turning. Journal of Materials 
Processing Technology 2006;173(3):359-367. 
[8] Grant P, Lord J, Whitehead P, Fry T. The application of fine increment 
hole drilling for measuring machining-induced residual stresses. Applied 
Mechanics and Materials 2006, 3-4: 105-110 
[9] Oettel R. The determination of uncertainties in residual stress 
measurement (using the hole drilling technique). Code of Practice 
15,Siempelkamp, Dresden, 2000.  
[10] EEBB Departament of Defense. Metallic Materials and Elements for 
Aerospace Vehicle Structures. Military Handbook - MIL-HDBK-5H, 
1998, ISBN: 978-1-59124-543-8. 
[11] Mitrofanov AV, Babitsky VI., Silberschmidt VV. Thermomechanical 
finite element simulations of ultrasonically assisted turning. 
Computational Materials Science 2005, 32(3-4):463-471. 
[12] Salio M, Berruti T, De Poli G. Prediction of residual stress distribution 
after turning in turbine disks. International Journal of Mechanical 
Sciences 2006, 48: 976–984. 
[13] Ulutan D, Ozel T. Machining induced surface integrity in titanium and 
nickel alloys: A review. International Journal of Machine Tools & 
Manufacture 2011, 51: 250–280.
 
a) b)
c)
d) e) f)
Temperature 
(0C)
Stress 
(MPa)
Stress 
(MPa)
Temperature
(ºC)
0
0.1
0.2
0.3
0 50 100 150 200
V
B
TH
 [m
m
]
Uncut chip thickness [ȝm]
